Abstract The ventral pallidum (VP) is a crucial component of the limbic loop of the basal ganglia and participates in the regulation of reward, motivation, and emotion. Although the VP receives afferent inputs from the central histaminergic system, little is known about the effect of histamine on the VP and the underlying receptor mechanism. Here, we showed that histamine, a hypothalamicderived neuromodulator, directly depolarized and excited the GABAergic VP neurons which comprise a major cell type in the VP and are responsible for encoding cues of incentive salience and reward hedonics. Both postsynaptic histamine H1 and H2 receptors were found to be expressed in the GABAergic VP neurons and co-mediate the excitatory effect of histamine. These results suggested that the central histaminergic system may actively participate in VP-mediated motivational and emotional behaviors via direct modulation of the GABAergic VP neurons. Our findings also have implications for the role of histamine and the central histaminergic system in psychiatric disorders.
Introduction
The ventral pallidum (VP), a major structure in the limbic subdivision of the basal ganglia circuitry, has attracted increasing attention in recent years. Through major reciprocal connections with the accumbens, extended amygdala, limbic thalamus, substantia nigra, lateral habenula, and ventral tegmental area (VTA) [1] [2] [3] [4] , the VP plays a critical role in brain functions related to reward, motivation, and emotion. Both incentive salience and reward hedonic information are encoded by VP neurons [5, 6] . In humans, bilateral lesions of the VP lead to a lack of motivation and pleasure [7] . In rodents, optogenetic or chemogenetic inactivation of VP neurons suppresses reward-seeking behaviors [6, 8] , while manipulation of VP parvalbuminpositive neurons induces depressive-like phenotypes [4] . Therefore, the VP is of great importance for regulation of motivational and emotional states.
The central histaminergic system, originating exclusively in the tuberomammillary nucleus of the hypothalamus, is likely to be a general modulator of the activity of the whole brain [9] [10] [11] . It extensively innervates various brain regions and holds a key position in the regulation of many basic physiological functions, including the sleepwake cycle, energy and endocrine homeostasis, and motor control, as well as reward and motivation [9, 11, 12] . Interestingly, it has been revealed that moderate densities of histaminergic fibers [13, 14] and high densities of histamine receptors [15, 16] are distributed throughout the basal ganglia. However, the effect of histamine on neuronal activity of the VP is still far from clear. Thus, in the present study, by whole-cell patch clamp recording from brain slices and immunostaining, the effect of histamine on GABAergic VP neurons, a major cell type in the VP, and the underlying receptor mechanisms were investigated. Our results showed that histamine directly depolarizes the GABAergic VP neurons via co-activation of postsynaptic H1 and H2 receptors.
Materials and Methods

Animals and Brain Slice Preparations
Based on a rat brain atlas [17] , coronal slices (300 lm thick) containing the VP were cut with a Vibroslicer (VT 1200 S, Leica, Wetzlar, Germany) from Sprague-Dawley rats of either sex aged 14-18 days. The slices were incubated in oxygenated artificial cerebrospinal fluid (ACSF, composition in mmol/L: 124 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 1.3 MgSO 4 , 26 NaHCO 3 , 2 CaCl 2 , and 10 D-glucose) at 35 ± 0.5°C for at least 1 h. Then the slices were maintained at room temperature for * 20 min before recordings. For recording sessions, the slices were transferred to a submerged recording chamber and continuously perfused with oxygenated ACSF at 2 mL/min maintained at room temperature. All experimental procedures were performed in accordance with the US National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication 85-23, revised 2011) and were approved by the Experimental Animal Care and Use Committee of Nanjing University.
Whole-Cell Patch Clamp Recordings
Whole-cell patch clamp recordings were made as previously described [18] [19] [20] [21] [22] with borosilicate glass pipettes (3-5 MX). The pipettes were filled with (in mmol/L): 140 K-methylsulfate, 7 KCl, 2 MgCl 2 , 10 HEPES, 0.1 EGTA, 4 Na 2 -ATP, 0.4 GTP-Tris, and 4% biocytin (Sigma-Aldrich, St. Louis, MO), pH 7.25. During recording sessions, VP neurons were visualized under a light microscope (BX51WI, Olympus, Tokyo, Japan). Patch-clamp recordings were acquired with an Axopatch-200B amplifier (Axon Instruments, Foster City, CA) and the signals were fed into a computer through a Digidata-1550 interface (Axon Instruments) for data capture and analysis (pClamp 10.4, Axon Instruments). Recordings of whole-cell currents were low-pass filtered at 2 kHz and digitized at 10 kHz and recordings of membrane potentials were low-pass filtered at 5 kHz and digitized at 20 kHz. Neurons were held at a membrane potential of -60 mV and characterized by injection of rectangular voltage pulses (5 mV, 50 ms) to monitor the whole-cell membrane capacitance, series resistance, and membrane resistance. Neurons were excluded from the study if the series resistance was not stable or exceeded 20 MX. To identify GABAergic VP neurons, which characteristically have a prominent hyperpolarization-activated cyclic nucleotide-gated (HCN) channel current (I h ) [22] , a series of 1-s negative hyperpolarizing voltage steps (ranging from -60 to -110 mV in 10-mV steps) was used in voltage-clamp recordings.
Drug Application
We briefly (1 min) bathed the slices with histamine (3, 10, and 30 lmol/L; Tocris, Bristol, UK) to stimulate the recorded neurons. Tetrodotoxin (TTX, 0.3 lmol/L; Alomone Labs, Jerusalem, Israel) was used to assess the postsynaptic effect of histamine. Selective antagonists for histamine H1 and H2 receptors, mepyramine (3 lmol/L; Tocris) and ranitidine (3 lmol/L; Tocris) as well as selective agonists for H1 and H2 receptors, 2-pyridylethylamine (2-PyEA; 30, 100, and 300 lmol/L; Sigma) and dimaprit (30, 100, and 300 lmol/L; Tocris) were applied to assess the underlying postsynaptic receptor mechanisms. All drugs were stored frozen and dissolved in distilled water, and dilutions were freshly prepared in ACSF and equilibrated with 95% O 2 and 5% CO 2 before perfusing the slices. In all experiments, the drugs were delivered by bath application.
Immunostaining
Immunofluorescence staining was performed as previously described [18] [19] [20] [21] [22] [23] . Rats (230-250 g) were given an overdose of sodium pentobarbital and perfused transcardially with 100 mL saline, followed by 450-500 mL 4% sodium phosphate-buffered paraformaldehyde. The brains were post-fixed in the same fixative for 12 h at 4°C, then cryoprotected with 30% sucrose for 48 h. Frozen coronal sections (15 lm thick) were cut on a freezing microtome (CM3050S, Leica) and mounted on gelatin-coated slides. The slices were rinsed with PBS containing 0.1% Triton X-100 and then incubated for 30 min in 10% normal bovine serum in PBS containing 0.1% Triton X-100. Sections were incubated overnight at 4°C with the primary antibodies mouse anti-GABA (1:1000; Sigma), goat anti-H1 receptor (1:200; Everest Biotech, Bicester, UK), rabbit anti-H1 receptor (1:200; Alamone Labs, Jerusalem, Israel), and/or goat anti-H2 receptor (1:200; Everest Biotech). After a complete wash in PBS, the sections were incubated in the related secondary antibodies (1:2,000; Life Technologies, Carlsbad, CA) conjugated to Alexa 488-and Alexa 594-for 2 h at room temperature in the dark for double immunostaining. The slides were washed and mounted in Fluoromount-G mounting medium (Southern Biotech, Birmingham, AL). Incubation replacing the primary antiserum with control immunoglobulins and/or omitting the primary antiserum served as negative controls.
For immunohistochemical identification of the recorded GABAergic VP neurons, brain slices containing biocytin-filled neurons in the whole-cell patch clamp recordings were fixed, dehydrated, re-sectioned, and then incubated with primary antibodies against GABA (1:1000; Sigma). Micrographs were captured with an inverted laser scanning confocal microscope (TCS SP8, Leica). Digital images from the microscope were recorded with LAS X Viewer software (Leica). Image processing and cell counts were performed with Image Pro Plus 6.0 software (Media Cybernetics, Rockville, MD).
Statistical Analysis
All data were analyzed with SPSS 17.0 (SPSS, Chicago, IL) and are presented as box and whisker plots, with the boxes and whisker lengths denoting the 25th and 75th percentiles and the 10th and 90th percentiles, respectively. The pairedt test was used for analysis of the data. P-values\0.05 were considered to be statistically significant.
Results
Histamine Excites GABAergic VP Neurons
A total of 51 GABAergic VP neurons with input resistances [ 300 MX and capacitance of 135.8 ± 19.7 pF were identified and recorded. To identify GABAergic neurons in the VP, we filled all recorded neurons with biocytin and then immunostained them with GABA after recording. The somal diameters of the recorded GABAergic VP neurons colabelled by biocytin and GABA were *15 lm (Fig. 1A, B) . Moreover, these GABAergic VP neurons exhibited a slow hyperpolarization-activated inwardly-rectifying current (I h ) in response to hyperpolarizing voltage steps from a holding potential of -60 mV (Fig. 1C) . These morphological and electrophysiological properties are consistent with previous reports [24] . Of the 51 GABAergic VP neurons recorded, 45 (88.24%) were excited by histamine. In current-clamp recordings, brief bath application of histamine (30 lmol/ L) evoked a strong depolarization of GABAergic neurons in the VP, which was sufficient to induce neuronal firing (Fig. 1D, n = 6 ). Moreover, a 1-s depolarizing current of 200 pA was injected to evoke firing of GABAergic VP neurons. The depolarizing current-elicited firing was significantly enhanced by histamine (Fig. 1E, n = 5 ).
In addition, in voltage clamp recordings, histamine induced a significant inward current in GABAergic VP neurons in a concentration-dependent manner (Fig. 2A) . The group data in Fig. 2B showed that application of 3, 10, and 30 lmol/L histamine elicited inward currents of 11.8 ± 2.4, 32.5 ± 1.8, and 68.4 ± 6.0 pA, respectively. These results indicated that histamine exerts an excitatory effect on GABAergic neurons in the VP.
Histamine-Induced Excitation of GABAergic VP Neurons is a Direct Postsynaptic Effect
TTX was used to investigate whether the histamineinduced excitation of GABAergic VP neurons is a direct postsynaptic effect. In the presence of 0.3 lmol/L TTX, 3, 10, and 30 lmol/L histamine still concentration-dependently evoked depolarization in VP neurons (n = 5) of 6.7 ± 1.8 mV, 12.7 ± 2.1 mV, and 19.8 ± 1.4 mV, respectively (Fig. 3A, B) . Paired t-test analysis showed that TTX did not block the inward current induced by histamine (73.3 ± 7.7 pA vs 71.0 ± 8.1 pA; n = 5, t 4 = 2.123, P = 0.1010; Fig. 3C, D) . These results clearly confirmed that the excitation of GABAergic VP neurons by histamine is a direct postsynaptic effect.
Histamine H1 and H2 Receptors Co-mediate the Excitatory Effect of Histamine on GABAergic VP Neurons
Four distinct histamine receptor subtypes (H1, H2, H3, and H4) have been identified [25, 26] . Among them, H1, H2 and H4 are postsynaptic but H4 is predominantly expressed in the periphery [11, 27] . Therefore, we assessed the expression of H1 and H2 receptors in the VP. Double immunostaining for H1 and H2 showed that they were not only present in the rat VP but also co-localized in the same neurons ( Fig. 4A-C) . Moreover, double immunostaining for H1/H2 receptors and GABA showed that H1 and H2 localized on the GABAergic VP neurons (Fig. 4D-I) .
We used selective agonists and antagonists for H1 and H2 receptors in patch clamp recordings to further determine whether both receptors mediate the excitatory effect of histamine on GABAergic VP neurons. Both 2-PyEA (30, 100 and 300 lmol/L, a selective agonist for H1) and dimaprit (30, 100 and 300 lmol/L, a selective agonist for H2) mimicked the histamine-induced inward current in GABAergic VP neurons in a concentration-dependent manner: 16.0 ± 2.6, 38.8 ± 6.0, and 60.1 ± 8.9 pA (n = 5; Fig. 5A , B) and 20.2 ± 1.9, 47.9 ± 5.0, and 72.8 ± 8.1 pA (n = 5; Fig. 5C, D) , respectively.
In addition, the inward currents induced by histamine were partially blocked by 3 lmol/L mepyramine (a selective H1 receptor antagonist) or 3 lmol/L ranitidine (a selective H2 receptor antagonist) from 65.4 ± 8.4 pA to 30.9 ± 4.9 pA (n = 6, t 5 = 9.273, P\0.01; Fig. 6A, C) and from 68.3 ± 12.0 pA to 36.3 ± 6.6 pA (n = 6, t 5 = 5.498, P \ 0.01), respectively. These results indicated that both histamine H1 and H2 receptors are involved in the excitatory effect of histamine on GABAergic VP neurons. Furthermore, combined application of mepyramine and ranitidine totally blocked the histamine-induced excitation (n = 6, t 5 = 7.432, P \ 0.01; Fig. 6A-C) , strongly suggesting that histamine excites GABAergic VP neurons by co-activation of histamine H1 and H2 receptors.
Discussion
The basal ganglia contain high densities of histamine receptors [15, 16] and are one of the targets of the central histaminergic system. Although the effects of histamine on several structures scattered in the motor loop of the basal ganglia, including the substantia nigra [28] and globus pallidus [29] , have been reported, the role of histamine and the central histaminergic system in the VP, a key structure in the limbic loop of the basal ganglia, remains enigmatic. In the present study, by means of whole-cell patch clamp recording and immunofluorescent staining techniques, we reveal a direct postsynaptic activation of histamine on GABAergic VP neurons, the main population of neurons in the VP.
Neuroanatomical studies have demonstrated that a majority of GABAergic VP neurons project to structures in the mesocorticolimbic system, including the nucleus accumbens, VTA, and mediodorsal thalamus [3] . Therefore, GABAergic neurons are implicated as the most important neuronal population in the VP for encoding cues for incentive salience and reward hedonics. Silencing of GABAergic VP neurons projecting to the VTA blocks the primed reinstatement of cocaine-seeking [8] . Moreover, the parvalbumin-positive VP neurons that project to the VTA also subserve the symptoms of social anhedonia [4] . In the present study, we found a strong postsynaptic depolarization/excitation effect of histamine on the GABAergic neurons in the VP. We therefore suggest that histamine and B Group data of the tested neurons. C TTX did not block the inward current induced by histamine. D Group data of the tested neurons. n.s. indicates no significant difference. the central histaminergic system may influence mesocorticolimbic activity via direct modulation of the VP GABAergic projection neurons, and ultimately regulate motivational and emotional behaviors.
Histamine is well known to hold a key position in a variety of complex behaviors, ranging from feeding to arousal [9] . However, the role of brain histamine in motivation is still unclear. Notably, potential links between histamine and reward behaviors have recently been explored. Methamphetamine-induced behavioral sensitization is significantly exaggerated in L-histidine decarboxylase knockout mice [30] , which are genetically unable to synthetize histamine. A similar facilitation of methamphetamine addiction has also been reported in mice with double-knockout of H1/H2 H2) . B The inward current induced by histamine was partly blocked by ranitidine and totally blocked by combined application of ranitidine and mepyramine. C Group data of the neurons tested. **P \ 0.01.
receptor genes [31] . These results suggest that the central histaminergic system may participate in methamphetamineinduced behavioral sensitization. On the other hand, H3-receptor-knockout mice, which show enhanced histamine neurotransmission, exhibit a greater extent of wakefulness driven by palatable food motivation [32] . In addition, a lack of motivation induced by a novel object or environment has been reported in H1-receptor-knockout mice [33] . This evidence strongly suggests that histamine and the central histaminergic system may be actively involved in motivational processing driven by different reinforcers (addictive drugs, palatable food, and novel objects), although they may play different roles in distinct motivations by the mediation of different receptor subtypes. Although histamine receptors are widely expressed in various neural cells including astrocytes [34] , our results show that histamine H1 and H2 receptors are expressed in GABAergic VP neurons and consequently comediate the excitatory effect of histamine on these neurons. This suggests that the central histaminergic system may regulate motivational behaviors by directly modulating the projection neurons in the VP, a critical structure for motivation and emotion, via both H1 and H2 receptors.
In conclusion, the present study reveals a direct excitatory action of histamine on GABAergic neurons in the VP via co-activation of postsynaptic H1 and H2 receptors. Through biasing neuronal activity in the VP, the central histaminergic system and histamine may hold a key position in maintaining excitability and setting an appropriate level of sensitivity to external reward and emotional signals. In this way, the central histaminergic system and histamine may actively participate in the regulation of motivational and emotional behaviors.
